We examined diet composition, choice of foraging areas, and distribution of food (vegetation) of a high-elevation (3,800 m) population of yellow-bellied marmots (Marmota flaviventris) in the White Mountains of California. Marmots overwhelmingly ingested forbs over graminoids (grasses, sedges, and rushes) and particularly ingested clover (Trifolium andersonii) despite its rarity. Although suitable marmot habitat is continuous at this site, marmot food plants were distributed in clumps. Areas in which marmots concentrated their foraging contained a disproportionate amount of clover compared with its abundance in the study site. Possible explanations for the choice of forbs over graminoids included the higher water content of forbs. Clumped food distribution has implications for foraging strategies and social behavior.
Two foraging problems faced by most herbivorous mammals are which food items to include in their diet and where to forage to acquire those food items (Schoener 1971) . Specific nutritional requirements can vary across species, dependent upon basal metabolic rate or strategies an animal uses to control metabolic expenditures, such as hibernation (Frank 1994; Kenagy 1989) ; nutritional requirements can also vary across habitats (Carey 1985a; Schoener 1971) . Additionally, herbivores may need to select foods on the basis of water content in arid habitats (Murray and Dickman 1994; Nagy and Gruchacz 1994) or forage in areas that provide a greater opportunity for predator detection and escape (Lima and Dill 1990) . Acquisition of energy is a special problem for obligate hibernators. During a brief summer active season, hiberna-* Correspondent: bstallman@hsus.org tors must accumulate energy and specific nutrients sufficient for both maintenanceincluding overwinter survival-and reproduction for the entire year (Frank 1994; Kenagy et al. 1989) . Finally, distribution of food and other resources can affect the foraging strategies of females. If high-quality food is distributed in clumps, an individual might forage more efficiently in areas with high concentrations of high-quality food (Schoener 1971; Stephens and Krebs 1986) .
Yellow-bellied marmots (Sciuridae: Marmota flaviventris) are herbivorous, hibernating, relatively social rodents that occur throughout alpine and subalpine meadows or semidesert grasslands of western North America (Frase and Hoffmann 1980; Michener 1983) . They have been studied most intensively at 1 site in the Rocky Mountains of Colorado where suitable open-meadow habitat is interrupted by large shrubs and forested areas (e.g., Armitage and Downhower 1974) . Our M. flaviventris study site in the White Mountains of California differs in several ways from sites at which most previous work has been conducted. First, the alpine grassland is nearly continuous, broken only by granite outcroppings and talus slopes. Differences across Marmota species in the distribution of meadow habitat, or of food within the habitat, may predict differences in foraging behavior (Barash 1974; Holmes 1984a; Johns and Armitage 1979) . Second, our study site is more arid than the Colorado site. Average annual precipitation near our study site is 49.6 cm (Pace et al. 1974 ), compared with 102 cm at Armitage's medium-elevation site near the Rocky Mountain Biological Laboratory (B. Barr, pers. comm.). Water content may not affect diet selection for Rocky Mountain marmots (Frase and Armitage 1989; Melcher et al. 1989 ), but may be an important determinant of diet for marmots living in an arid climate. Third, the growing season at our high-elevation (3,800 m) study site is approximately 20% shorter than Armitage's mid-elevation (2,900 m) site (on the basis of the number of days between the dates of 50% snow cover and the approximate dates of immergence of marmots- Lenihan and Van Vuren 1996; E. L. Stallman, in litt.; Van Vuren and Armitage 1991) . A shorter vegetation growing season reduces the time available for marmots to gain mass between hibernation bouts (Barash 1974; Van Vuren and Armitage 1991) and may affect differences in sociality among populations of Marmota species (Armitage 1999) .
Previous work on M. flaviventris in the White Mountains indicates that marmots preferentially ingest forbs over graminoids (Carey 1985a) . However, the extent to which marmots selectively ingest specific plant types within these 2 general categories is not clear. Carey (1985a) found nutritional differences between forbs and graminoids in the White Mountains that may account for preferential ingestion of forbs, but she did not compare water content of plant types in this arid habitat. Finally, the distribution of food plants at this site has not been studied.
In this paper, we describe diet selection and choice of foraging areas by adult, female yellow-bellied marmots (hereafter ''marmots'') living in a high-elevation, arid, grassland habitat. We had 4 specific goals. First, we sought to determine which plant species predominate in marmot diets at our study site and thus to replicate diet-selection studies by Carey (1985a) and others (see Armitage 2000) . We expected that marmots would select forbs over graminoids (Carey 1985a) . Second, we measured the water content of forbs and graminoids ingested by marmots to determine whether these 2 categories of food plants differ in water content. We expected that the general category of preferred food plants (forbs or graminoids) would have higher water content, given the importance of water to animals living in arid habitats (Nagy and Gruchacz 1994) . Third, we sought to document the distribution of potential food plants in the study area because spatial distribution of food may affect foraging strategies. Finally, we determined whether marmots forage selectively, as predicted, in areas of the study site that are rich in preferred plants.
MATERIALS AND METHODS
We conducted this study between 20 May 1998 and 10 August 1998 and between 22 July 1999 and 4 August 1999 in the White Mountains of Mono County, California, in the immediate vicinity of the Barcroft Facility (37Њ35ЈN, 118Њ14ЈW; 3,801 m elevation) of the White Mountain Research Station. Adult marmots at this site disappear below ground by September but start to become less active by early to midAugust. Adults emerge from hibernation (appear above ground for 1st time) between late April and late May (Carey 1985a; E. L. Stallman, in litt.) .
The study site is an arid alpine grassland approximately 300 m above tree line bordered by large granite outcroppings (Fig. 1) . The White Mountain Range lies in a rain shadow caused by the nearby Sierra Nevada, and low rainfall limits vegetation growth (Lloyd and Mitchell 1973) . The plant community consists of grasses (Poaceae, including Poa, Koeleria macrantha, and Deschampsia cespitosa), sedges (Carex), rushes (Juncus species) and forbs (e.g., Trifolium andersonii, var. beatleyae, Phlox covillei, mustards, including Draba species and Arabis species, and dwarf shrubs such as Ribes cereum). Marmots forage throughout the study site and live in burrows near large rocks and boulders and under and around granite outcroppings.
The portion of the study site on which we conducted all vegetational analyses and behavioral observations was a rectangular ''grid area'' (360 by 480 m) on which we overlaid a grid marked by numbered surveyor's flags on wire stakes to form square patches 30 m on a side (Fig. 1) . We recorded locations of foraging marmots and vegetation quadrats on the grid area to the nearest 5 m using a 5 by 5-m X-Y coordinate system. For vegetational analyses, we subdivided the grid area in 2 ways. In 1 method, we randomly chose a 30 by 30-m patch from the grid area and sampled vegetation in quadrats within each patch. In the other method, we used marmot foraging behavior to define the locations of foraging areas and sampled vegetation in quadrats within those areas. Both of these methods are described in detail in the following text.
To determine which plant species marmots ingested, we collected fecal samples for microhistological analysis from 12 adult females between 15 June 1998 and 15 July 1998. We livetrapped individuals in the study site and marked them with numbered metal ear tags and black hair dye for individual identification. We collected 3-5 fecal samples for each female at intervals of 5-14 days (the same time period during which we conducted behavioral observations and vegetational analyses) and froze the samples for later analysis. At the end of the summer, we formed 1 composite sample that we shipped on dry ice to the Wildlife Habitat Laboratory (Bruce Davitt, Washington State University), which specializes in such analyses. Three equalsized samples from each of 12 females were thoroughly mixed to form 1 composite sample. We used a composite fecal sample rather than separate individual samples to replicate Carey's (1985a) procedure and to describe the ''average'' adult female.
The Wildlife Habitat Laboratory conducted a microhistological analysis of plant fragments in the composite fecal sample by modifying sampling procedures for frequency-density conversion (Holechek and Gross 1982; Sparks and Malechek 1968) . By this procedure, relative cover (Davitt 1979) of plant cuticle and epidermal fragments were quantified for 25 randomly located microscope views on each of 6 slides (total 150 views; 1 dry gram of fecal matter per slide). A grid mounted in the eyepiece of the microscope was used to measure the area covered by each positively identified fragment observed at 100ϫ magnification. Greater magnifications (200-450ϫ) were used to aid in identification of discernable fragments (Holechek and Valdez 1985) , which were compared with a reference collection of alpine plants and a list of the plant species we identified at our study site. Areas covered by plant types were recorded. Plants in fecal material were identified to species, genus, or family. Percentage of diet composition by percentage cover, which can be used to estimate diet composition by percentage weight (R. M. Hansen and J. T. Flinders, in litt.), was estimated by dividing the area (on slide) covered by each plant type by total area covered by all plant types.
Digestibility coefficients for captive Barcroft marmots do not differ significantly between forbs and graminoids (Carey 1985a) . Nevertheless, any biases in relative proportions of plants in feces should underestimate the representation of forbs relative to graminoids in the diet of marmots because of the relatively greater digestibility of forbs (Bartolome et al. 1995; Bennett 1999; Carey 1985a; Klein and Bay 1995) .
We determined the abundance (relative proportions) of food plants in the grid area in the summer of 1998 by sampling plant frequency in randomly chosen areas. Between 15 June and 15 July, we identified 40 plant species in the grid area (11 grasses, 5 sedges, 1 rush, and 23 forbs, including 3 shrubs) using plant identification keys (Hickman 1993; Lloyd and Mitchell 1973) and a herbarium housed at the Barcroft Facility. We then randomly chose 10 square patches (30 by 30 m each) from the grid area. Within each patch, we estimated relative plant cover in 3 quadrats (5 by 5 m each) placed systematically (to avoid the possibility of overlapping quadrats), 1 each in the NW and SE corners and the center of the patch.
To estimate relative plant cover within a quadrat, we used a modified point-quadrat technique (Mueller-Dombois and Ellenberg 1974), which provides a reliable measure of the distribution and abundance of plant species in alpine environments (Holmes 1984a) . We evenly divided each quadrat into 5 lines containing 6 points each, for a total of 30 points per quadrat. We blindly lowered a rod (2 mm diameter), once at each of the 30 points, and recorded the number of times the rod touched individuals of each of the 40 plant species we had identified. By this method, we sampled a total of 900 points in 30 quadrats. For each of the 10 patches, we summed the counts of plants in the 3 quadrats to obtain an estimate of the abundance (number of counts) of each plant type in the patch. To obtain relative proportions, we divided abundance (number of counts) of plant type A by abundance of all food plants. We excluded any plant type that did not compose at least 1% of the fecal plant matter.
To determine whether marmots selectively ingested some food plants, we generated a usage index for each plant species by dividing the proportion of a plant type found in the composite fecal sample by relative abundance of that plant in the study site. A usage index value of 1.0 indicates that intake of plant species is proportional to its abundance in the environment, and values Ͼ1.0 indicate selective ingestion (see Carey 1985a). We also generated usage index values on the basis of plant abundance in marmot foraging areas (see following text) to compare with Carey's (1985b) preference-index values, which were obtained similarly.
To determine whether food plants were distributed in clumps, we used the index of dispersion, a measure of spatial aggregation. The index of dispersion, I, is calculated as the corrected sum-of-squares divided by the mean count of plants in randomly chosen areas. For randomly distributed plants, I ϭ 1.0, whereas for clumped plants I Ͼ 1.0 and for uniformly distributed plants I Ͻ 1.0. For each plant type, we obtained a mean and corrected sum-of-squares of its frequency across the ten 30 by 30-m patches and tested whether the index of dispersion differed significantly from 1.0 using a chi-square distribution with n Ϫ 1 degrees of freedom (Kotz and Johnson 1983) .
Assuming that at least some food plants would be distributed in clumps, we determined whether marmots chose foraging areas in the study site that were particularly rich in preferred foods. We compared the relative proportions of food plants in the 10 randomly chosen patches with those portions of the study site in which marmots concentrated their foraging. Foraging areas were identified from observations of 10 adult female marmots between 15 July 1998 and 10 August 1998 using instantaneous sampling of focal individuals at 1-min intervals (Altmann 1974) . Each minute, we recorded whether the animal was foraging (i.e., moving or standing quadrupedally with head lowered, ingesting, or searching for vegetation) and its location to the nearest 5 m on the X-Y coordinate grid. We observed each of the 10 adult females for 3-5 periods 30-90 min long and determined the location in which the individual had foraged for the greatest number of consecutive sampling points during each observation period. At each of these locations (3-5 per female), we centered a 10 by 10-m quadrat and estimated relative plant cover by sampling 100 points in each quadrat, using the technique described previously for quadrats within randomly chosen patches. We compared relative proportions of food plants in foraging areas (n ϭ 10 females) with those from randomly chosen patches (n ϭ 10 patches) with a mixed-model analysis of variance (AN-OVA) using the generalized estimating equation (Diggle et al. 1994) in which the fixed effects were the type of area (randomly chosen patch or foraging area) and the random effects were the quadrats sampled within a patch or foraging area. This test is preferable to a repeated measures ANOVA because treating separate sampled quadrats that are either within the same patch or that are used as foraging areas by the same female as random effects allows such quadrats to be correlated. We used this parametric test despite the fact that distributions of proportions of some plant types were not normal (even when arcsine-transformed) because an equivalent nonparametric test was not available (Sokal and Rohlf 1995) . However, we also confirmed these results using a Mann-Whitney Utest (SPSS Base version 9.0, SPSS, Inc., Chicago, Illinois) in which we summed the plant abundance values from separate quadrats (within a patch or among a single female's foraging areas) to create a single proportion for each of 10 patches and 10 females.
We conducted an analysis of water content of several food plants of marmots in the late summer active season when many plants begin to desiccate, from 22 July 1999 to 4 August 1999. On each of 5 mornings, we collected samples (20-30 mg fresh weight) of 6 plant species: 3 forbs (Draba oligosperma, Leptodactylon pungens, and T. andersonii) and 3 graminoids (Carex species, Elymus elymoides, and K. macrantha). Each morning we harvested samples from the same 50 by 50-m area within the study site just after sunrise (0600-0630 h) at the peak of marmot foraging activity and measured fresh weights of samples within 30 min of harvest. We then dried samples at 60-70ЊC for 24 h and reweighed samples to obtain dry weight. We determined water content as water lost (difference between fresh and dry weights) as a fraction of fresh weight for each of the 6 plant species. We compared water content values for forbs (n ϭ 17, 2-10 samples from each of 3 forb species) with those of graminoids (n ϭ 30, 10 samples from each of 3 graminoid species) using a t-test. We used arcsine-transformed data in the t-test because water content data were not normally distributed according to a Kolmogorov-Smirnov test of normality (Sokal and Rohlf 1995) . Because day of collection did not affect water content values (F ϭ 0.491, d.f. ϭ 4, 42, P ϭ 0.742), we combined samples of each plant type collected on different days.
RESULTS
Forbs made up most of the fecal plant matter (Table 1) , and species of Trifolium predominated in the fecal samples. Only T. andersonii occurred in sampled quadrats, and we encountered T. monanthum very rarely. Therefore, we will refer to T. andersonii (var. beatleyae), the most frequent plant in the fecal sample, as ''clover.'' Grasses (especially K. macrantha) and sedges (Carex) occurred far more frequently in randomly chosen patches than did forbs as a whole (Table 1) . Of the forbs eaten by marmots, P. covillei and L. pungens, which are combined here because they were indistinguishable in the fecal analysis, were the most common in randomly chosen patches. Carex species and K. macrantha occurred more frequently than other graminoids in randomly chosen patches. Clover, the most abundant plant in marmot feces, was rare in randomly chosen patches.
Usage indices (Table 2) indicate that female marmots ingest a disproportionately large amount of forbs. Clover was clearly the most common plant type found in marmot feces, despite its rare occurrence in randomly chosen patches. Mustards (Draba species and Arabis species) and 1 grass, D. cespitosa, were also ingested more frequently than their relative abundance in the study site would suggest. The usage index for clover is substantially lower in foraging areas than in randomly chosen patches (Table 2) because of its abundance in foraging areas (Table 1) . Marmots apparently concentrated their foraging in portions of the study site where clover was relatively abundant. Indices of dispersion for total graminoids (I ϭ 35.78, d.f. ϭ 9, P ϭ 0.00004), total forbs (I ϭ 39.61, d.f. ϭ 9, P ϭ 0.00001), clover (I ϭ 126.0, d.f. ϭ 9, P Ͻ 0.00001), and forbs other than clover (I ϭ 30.95, d.f. ϭ 9, P ϭ 0.0003) indicate that all categories of plants were significantly clumped. Foraging areas did not differ from randomly chosen quadrats in proportions of total forbs (F ϭ 0.16, d.f. ϭ 1, 18, P ϭ 0.6982; Table 1 ) or total graminoids (F ϭ 0.16, d.f. ϭ 1, 18, P ϭ 0.6982). However, clover made up a significantly greater proportion of the food plants in foraging areas than in randomly chosen quadrats (F ϭ 52.29, d.f. ϭ 1, 18, P Ͻ 0.0001), and forbs other than clover were less common in foraging areas compared with randomly chosen quadrats (F ϭ 13.32, d.f. ϭ 1, 18, P ϭ 0.0018).
Water content (mean proportion Ϯ SE) of forbs (0.682 Ϯ 0.089) was significantly greater than that of graminoids (0.631 Ϯ 0.064) in late summer (t-test: t ϭ 2.263, d.f. ϭ 45, P ϭ 0.028). At this time, plants were beginning to yellow and dry, but adult and juvenile marmots were still actively foraging in the study site.
DISCUSSION
The preferential ingestion of forbs on the basis of fecal analysis paralleled results reported by Carey (1985a) , whose study site was about 3 km from ours. Carey did not report relative proportions of all plant types in marmot feces but indicated that clover is the predominant plant in marmot feces, making up 45-56% of fecal plant matter. Forbs, in particular clover, predominated in marmot diets in our study despite their relative scarcities in the grid area and within foraging areas.
Our results also mirror those from other studies of Marmota. For example, Rocky Mountain M. flaviventris ingests a greater proportion of forbs than graminoids, at least in mid-to late summer (Frase and Armitage 1989) . Dicotyledons (mostly forbs) make up the majority of fecal plant matter of alpine marmots (Marmota marmota- Massemin et al. 1996) . Similarly, golden marmots (M. caudata aurea) prefer forbs (particularly legumes) over graminoids (Blumstein and Foggin 1997) . However, Carex (sedges) dominates in the feces of Alaskan hoary marmots (M. caligata-Holmes 1984b) . For a review of forb preference across species of Marmota, see Armitage (2000) .
Disproportionate ingestion of forbs by marmots may be because of higher nutritional quality of forbs. In the White Mountains, forbs (including T. andersonii and Potentilla pseudoscericea) contain less cellulose than graminoids (including K. macrantha and Carex eleocharis); forbs also contain more phosphorus, calcium, and sodium (Carey 1985a) . Columbian ground squirrels (Spermophilus columbianus) also preferentially ingest forbs over grasses (Harestad 1986) , and forbs available to S. columbianus contain 15-40% more crude protein and are 30-50% more digestible than grasses at the same site (Bennett 1999) .
In our study, water content of forbs was significantly greater than that of graminoids in late summer as plants began to senesce. For rodents living in arid regions, water intake can occur primarily through moisture in foods (MacMillen 1992; Nagy and Gruchacz 1994) , and they may choose foods on the basis of water content (Murray and Dickman 1994) . Thus, in the arid White Mountains, water content may play a significant role in diet selection by M. flaviventris. That adult marmots become much less active in early to mid-August may be because of concurrent desiccation of food plants (Lenihan and Van Vuren 1996) . M. flaviventris may reduce evaporative water loss by remaining inactive below ground when water content of food is low (e.g., Kayser 1961; Nagy 1975) .
Suitable habitat for marmots contains burrows and forage and is open enough for detection of predators (Blumstein et al. 2001) . Variation across populations of M. flaviventris in foraging strategies and sociality may be partially because of differences across sites in the distribution of resources that limit female reproductive success (Trivers 1972; Wrangham 1980) . At the Colorado study sites used by Armitage and colleagues, meadow habitat is patchy, interrupted by trees or shrubs (Svendsen 1974) . They have described meadow vegetation and burrows within these large patches as uniformly distributed (Frase and Armitage 1984; Johns and Armitage 1979) but, to our knowledge, have not measured systematically the distribution of food plants or determined the effects of food distribution on choices of foraging areas by marmots. In contrast, suitable grassland habitat at our study site is not broken up into discrete habitat patches by trees. However, within this continuous habitat, we showed that major plant types were distributed in clumps (nonrandomly). A nonrandom distribution of plants may allow marmots to choose foraging areas that contain a high density of preferred plant types, such as clover, and therefore forage more efficiently (Schoener 1971; Stephens and Krebs 1986 ). In our study, marmots appeared to seek out dense clumps of clover while foraging, suggesting that the cost of searching for these clumps, including the risk of predation associated with the search, is outweighed by energetic or nutritional benefits of ingesting this plant over alternatives (Stephens and Krebs 1986) .
The choice of foraging areas by marmots probably also depends on predation risk. Primary predators of marmots in the White Mountains are coyotes (Canis latrans) and golden eagles (Aquila chrysaetos), although weasels (Mustela frenata) and badgers (Taxidea taxus) are also present. In general, marmots avoid predation by detecting predators from a distance and running to refugia (Blumstein 1998; Holmes 1984a) . Habitat characteristics, such as relatively tall vegetation, can reduce their ability to detect predators (but see Armitage 1982) . Carey (1985b) suggested that marmots selectively forage in areas with relatively short vegetation (e.g., clover) because it allows them to detect predators better. Graminoids can grow to 20 cm or taller. Therefore, marmots may choose to forage in any areas containing abundant clover, although preferences of marmots among foraging areas may be based on differences in vegetation height, i.e., in their ability to detect predators quickly.
